The availability of sequenced genomes has generated a need for experimental approaches that allow the simultaneous analysis of large, or even complete, sets of genes. To facilitate such analyses, we have developed GST-PRIME, a software package for retrieving and assembling gene sequences, even from complex genomes, using the NCBI public database, and then designing sets of primer pairs for use in gene amplification. Primers were designed by the program for the direct amplification of gene sequence tags (GSTs) from either genomic DNA or cDNA. Test runs of GST-PRIME on 2000 randomly selected Arabidopsis and Drosophila genes demonstrate that 93 and 88% of resulting GSTs, respectively, fulfilled imposed length criteria. GST-PRIME primer pairs were tested on a set of 1900 Arabidopsis genes coding for chloroplast-targeted proteins: 95% of the primer pairs used in PCRs with genomic DNA generated the correct amplicons. GST-PRIME can thus be reliably used for large-scale or specific amplification of intron-containing genes of multicellular eukaryotes.
INTRODUCTION
The complete genome sequences of many prokaryotic and eukaryotic organisms (1-6) and a draft sequence of the human genome (7) have become available recently. The collection, analysis and distribution of sequence data is now a major challenge and several public databases, such as GenBank (8) , the EMBL Nucleotide Sequence Database (9) and the DNA Data Bank of Japan (DDBJ) (10) are devoted to this task.
The accumulation of extensive genomic DNA sequence information, together with the collection of expressed sequence tags (ESTs), allows high-throughput experiments on large, or even complete, collections of genes (11) (12) (13) (14) . The parallel analysis of the expression of large sets of genes is a prototype of the new, genomic, approach to biology. In such an analysis, EST clones derived from cDNA libraries are frequently used as targets for expression screening. In addition, for organisms whose genome sequences are known, genes of interest can be directly PCR amplified from genomic DNA, allowing the coverage of genes not represented in cDNA libraries and minimizing the number of sequences that need to be spotted on solid supports for screening (15) . Direct gene amplification by PCR generates collections of products called gene sequence tags (GSTs). To facilitate this, there is a pressing need for freely available software that allows the retrieval and assembly of large sets of gene sequences, and enables the systematic design of appropriate primers. Several programs, such as PRIDE (16) , PRIMER MASTER (17) and PRIMO (18) , can be used to design primers for large-scale sequencing projects, but none of them are specialized on the automated and genome-wide design. The PRIMEARRAY software (19) enables the systematic design of primer pairs for DNA microarray construction; however, its application is restricted to cDNA collections or genes without introns, as contained in bacterial genomes, and it depends on pre-assembled collections of DNA sequences as input files.
The software package GST-PRIME, described here, has been designed to allow, for the first time, the detection and avoidance of introns and splicing sites during the primer design subroutine. Thus, efficient and automated design of primers even for complex genomes containing genes with introns is possible, and primer pairs designed by GST-PRIME can be used for the amplification from both cDNA and genomic DNA. In addition, a novel sequence retrieval and editing subroutine step has been embedded in the GST-PRIME program package, allowing primer design for the amplification of large gene sets, starting from a list of accession numbers of protein sequences. The software package was tested on representative sets of protein accessions from Arabidopsis thaliana and Drosophila melanogaster, two organisms whose genome sequences are known. GST-PRIME primer pairs (∼1900) were tested in PCRs to estimate the efficiency of the software.
MATERIALS AND METHODS

Databases and analyses of sequences and their redundancy
For the large-scale retrieval of nucleotide sequences and annotations, the NCBI Batch Entrez system (8; http:// www.ncbi.nlm.nih.gov/entrez/batchentrez.cgi?db=Nucleotide) was employed. Protein sequences used for the design and synthesis of the 1898 primer pairs were selected for the presence of a transit peptide motif and have been described previously (20) .
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Programming
The main body of GST-PRIME was written in Visual Basic (v5.0; Microsoft). The subroutine for the sequence download was implemented in Perl (v5.005) and the Windows Executable program file was generated with Perl2Exe (v4.03; IndigoSTAR).
DNA analyses
Isolation of Arabidopsis DNA was performed as described previously (21) . Amplifications were performed using Taq polymerase (Eurogentec) and the following cycling conditions: initial denaturation at 94°C for 2 min, followed by 35 cycles of denaturation at 93°C for 30 s, annealing at 55°C for 1 min and elongation at 72°C for 90 s. For re-amplification of PCR products using universal 15mer tail primers, cycling conditions were modified to the following: initial denaturation at 94°C for 15 s, followed by 30 cycles of denaturation at 93°C for 30 s, annealing at 42°C for 1 min and elongation at 72°C for 90 s. Products of exponential PCR were separated by electrophoresis on 1.2% (w/v) agarose gel. Sequencing of PCR products was performed after gel purification, using an ABI prism 377 sequencer.
Evaluation of secondary structure of oligos and primerprimer interactions
Secondary structure formation of oligos was determined using the Mfold program (program parameters: temperature, 37°C; increment, 10; window, 2) of GCG (22) . Prediction of annealing events between forward and reverse primers was performed by using the default scoring matrix of the Bestfit program of GCG (22) . As a measure for the annealing of forward and reverse primers, the product of the quality score obtained by Bestfit [quality score = (10 × total matches) + (-9 × total mismatches) -(gap creation penalty × gap number) -(gap extension penalty × total length of gaps)] and the relative length of the complementary region was used.
Operating environments and availability of GST-PRIME
GST-PRIME should run under any Windows environment and has been successfully tested under Windows NT 4.0 (service pack 6), Windows 2000 (service pack 2) and Windows 98 SE. An executable version including an installation script is available by request from the authors.
RESULTS
GST-PRIME allows the design of large numbers of primer pairs starting from a list of protein accession numbers. The program provides for: (i) retrieval of DNA sequences corresponding to the selected protein sequences (in combination with the NCBI databases Batch Entrez and GenBank); (ii) extraction and assembly of DNA sequences into gene sequences with and without introns; and (iii) design of primers that are complementary to assembled gene sequences and suitable for use in PCR and RT-PCR applications.
Automatic sequence retrieval and assembly
The starting point for GST-PRIME is a list of protein (GI) accession numbers. A text file ('annotated list') containing protein sequences and cross-references to the DNA sequences necessary for extracting the corresponding coding regions is obtained by using the Batch Entrez sequence retrieval system (Fig. 1A, step 1) . From the 'annotated list' the accession numbers of the DNA sequences of interest, and the positions and boundaries of the embedded coding sequences, are extracted by GST-PRIME and saved as a file ('exons list'; Fig 1A, step 2). Nucleotide sequences are then retrieved from the GenBank sequence database and the 'exons list' is used for their assembly into 'gene sequences' (including introns and exons) and 'coding regions' (containing only exons). To avoid overloading of GenBank, a delay time of 2 s has been implemented between the download of two individual sequence files. The entire sequence download process can also be delayed ('delayed start option'), allowing it to run during the night or on weekends. Both 'gene sequences' and 'coding regions' are reformatted into FASTA format ('FASTA files'; Fig. 1A, step 3) . The orientation of all DNA sequences can be standardized, allowing the conversion of all sequences into either forward (5′→3′) or reverse orientation (3′→5′).
Automatic primer design
GST-PRIME designs primers suitable for the amplification of both DNA and cDNA. The following default constraints were incorporated into the program: (i) annealing sites are located exclusively in exons to allow reverse transcription experiments (such as cDNA first-strand synthesis and RT-PCR); and (ii) standard primer length is 20 nt with a G+C content of 50%.
GST-PRIME employs the 'exons list' and 'FASTA files' to design the primer pairs (Fig. 1A, step 4) . DNA sequences not suitable for primer design (<120 bp), or without start or stop codons, are identified and listed in a 'warning file'. To obtain amplification products with a preferential size of ∼500 bp, by default forward primers are designed to anneal within the first 180 bp of the gene sequence and reverse primers between position 480 and 720. For the forward primer, search commences at position 1 and stops after the first suitable primer has been identified. For the reverse primer, all suitable primers in the window from position 480 to 720 are identified and, if more than one reverse primer is found, the primer allowing amplification of a GST sized closest to 500 bp is selected. For sequences <720 bp, forward (reverse) primers are designed within the first (last) 50% of the sequence. Forward and reverse primers localized on putative exon-intron borders are rejected. If no primer can be identified based on the criteria listed above, the search is repeated for 21mer primers with nine G+C residues or 22mer primers with eight G+C. The final criterion for reverse primer design is an annealing site that will allow, in combination with the forward primer, the amplification of a product of preferentially 500 bp at cDNA level. For both primers the annealing sites in genomic DNA are determined by using the 'gene sequence' files to predict the expected genomic amplicon length. GST-PRIME primers are designated according to the protein GI accession number, with a suffix indicating the annealing site relative to the gene sequence. The final output file ('primer list') contains the primer sequences and the calculated lengths of amplicons at both DNA and cDNA level (Fig. 1B) . The primer design subroutine of GST-PRIME can be applied independently from the large-scale sequence retrieval and editing step.
Primer design for Arabidopsis and Drosophila genes
Two lists of 2000 randomly selected protein accession numbers, corresponding to Arabidopsis and Drosophila genes, were generated and used as input files for GST-PRIME. DNA sequence retrieval was performed using the 'delayed start option'. For the 2000 Arabidopsis and for 1997 Drosophila proteins, corresponding DNA sequences were retrieved (Table 1) and fed into the primer design subroutine of GST-PRIME. For Arabidopsis, 1868 suitable primer pairs (94.4%) were designed, and 1756 (87.8%) were designed for Drosophila. Failure of primer design was mainly due to inability to meet the length criteria for predicted amplification products. In the case of Arabidopsis, 3.4% of predicted products were too short (<150 bp at cDNA level); in Drosophila, 5.7% were too long (>2050 bp at genomic DNA level) ( Table 1) .
Frequency distributions of the predicted cDNA amplicons were similar for the two organisms: more than 70% of amplifications were predicted to amplify cDNA fragments between 451 and 550 bp long, with the average predicted length for amplified cDNAs being equal in both species (473 bp; Fig. 2 ).
Distributions of predicted genomic amplicon lengths differed significantly in the two species. The most prominent amplicon class for genomic DNA again had a predicted length between 451 and 550 bp. However, the average predicted genomic amplicon length in Drosophila was significantly smaller than in Arabidopsis (632 versus 739 bp). The input file is a list of protein accession numbers (GIs). In the output file, the following information about the primer pairs designed is given (from left to right): G+C, content of G+C; Sense/Anti-sense, designation of the s (sense)/as (anti-sense) primers indicating the site of annealing relative to the template (e.g. 4262227-1s refers to sense strand position 1 as start for the forward primer, while 4262227-452as indicates that position 452 of the anti-sense strand is the start of the reverse primer); Sequence, sequences of forward and reverse primers; DNA/cDNA, predicted lengths of amplicons at the DNA/cDNA level; DNA-Accession, the accession number of the DNA from which the gene sequence was retrieved; Oligo for RT, the primer to be used for reverse transcription experiments: forward (sense) or reverse (anti-sense). 
GST-PRIME primer testing by PCR amplification of 1900 GSTs
The identification of 2047 GenBank entries for Arabidopsis proteins related to chloroplast functions has been described previously (20) . Sequence retrieval or primer design by GST-PRIME failed for 149 of the 2047 sequences (7.5%). The remaining 1898 primer pairs were synthesized as 35mers, consisting of a gene-specific 20mer sequence provided by GST-PRIME and a universal 5′-located 15mer tail sequence suitable for re-amplification with universal tail primers. PCRs with 1804 (95%) of the primer pairs from genomic DNA resulted in the amplification of products that could be identified by agarose gel electrophoresis. The approximate size of 200 PCR products was determined in gels and correlated with the size predicted by GST-PRIME: for 190 PCR products the predicted and actual sizes were identical, while 10 PCR products (5%) were larger than predicted. Re-evaluation of the corresponding protein and DNA sequences revealed that the latter were exclusively derived from cDNA sequencing projects and therefore lacked any cross-reference to the corresponding genomic sequence. Sequence data for these cDNAs compared to those for the PCR products demonstrated that size differences were due to the presence of introns. Sequencing of 50 randomly chosen PCR products confirmed that target gene and PCR product were identical.
Next, we tested whether the failure of 94 of the 1898 PCR reactions in Arabidopsis was correlated to primer-primer interactions or to self-complementarity of oligos (such as stemloops). When these 94 primer pairs and a control group of randomly selected primers, which were successfully employed in amplifications, were compared for their tendency to develop secondary structures using Mfold of the GCG package (22) , no significant difference between the two groups was predicted. However, the group of 'failed' primers showed a slight increase in its tendency for primer-primer interactions as predicted by the program Bestfit of GCG. Taken together, for the vast majority of the 94 primer pairs, failure to result in PCR products was not predicted to be due to self-complementarity or primer-primer interactions.
DISCUSSION
A pre-requisite for the large-scale generation of GSTs from DNA or cDNA is the establishment of a standard procedure based on: (i) selection of a set of genes/proteins of interest; (ii) retrieval of the corresponding gene sequences, including genomic sequence and (predicted) transcribed regions; and (iii) design of primers that can be used for the amplification of genes from DNA or cDNA.
Several programs are currently available to design primers for large-scale sequencing projects (16) (17) (18) or primer pairs for DNA microarray construction (19) , but they cannot be applied to the automated and genome-wide primer design starting from protein sequence collections. Furthermore, none of these programs allows the design of primer pairs suitable for the amplification of GSTs from genomic DNA containing intron sequences. The GST-PRIME package includes, for the first time, an automated sequence retrieval and assembly subroutine and a subroutine detecting and avoiding introns and splicing sites, thus allowing the systematic design of primer pairs for the amplification of GSTs, even from intron-containing gene collections, either from DNA or cDNA.
The systematic classification of genes according to the biological function of their products is based on the analysis of protein sequences rather than DNA sequences. For this reason we have established a routine that permits the automatic retrieval of DNA sequences that encode the specified protein sequences. The download and sequence assembly subroutine of the GST-PRIME program has been tested on two eukaryotic model organisms. Both for Arabidopsis and Drosophila, sequence retrieval and assembly were performed successfully. The sequence retrieval step of GST-PRIME can be carried out overnight using the 'delay start' function of the program, which relieves the pressure on public databases and improves the performance of the download process.
The primer design subroutine was successful in 87.8 and 93.4% of cases for Drosophila and Arabidopsis, respectively, providing predicted GSTs with coding regions >150 bp and a maximal genomic length of 2050 bp. Surprisingly, predicted genomic amplicons were significantly smaller in Drosophila compared to Arabidopsis, although fruit fly genes are in general larger than Arabidopsis genes (5, 6) . This discrepancy can be attributed to the high frequency of introns of 59-63 bp in Drosophila genes (5); the finding of a prominent class of genomic amplicons with a size between 551 and 650 bp (Fig. 2) may reflect the presence of one or two of such relatively short introns. The suitability of GST-PRIME primers for generating amplicons from genomic DNA was demonstrated in Arabidopsis. A total of 1900 primer pairs were tested, and 95% of reactions resulted in PCR products. That these were derived from the appropriate genomic sequences was verified by size and sequence analysis. The sizes of a few PCR products were not correctly predicted by GST-PRIME. However, this could be attributed to sequence annotations that lacked cross-references to the genomic DNA including intron sequences. Of the 5% of reactions that failed to result in PCR products, only a small fraction was predicted to be due to the primer-primer interactions or self-complementarity of oligomers. This fraction might be decreased by implementing additional selection steps in the primer design subroutine of GST-PRIME. However, we decided against this option, since more elaborate design parameters would inevitably lead to a significant decrease in the number of GSTs fulfilling our length criteria. Furthermore, variation of PCR conditions, with respect to annealing temperature or buffer composition, was sufficient to obtain PCR products for ∼50% of the 94 reactions that failed initially (data not shown), supporting the strategy chosen for primer design. Future versions of GST-PRIME may therefore include a modified output file that highlights GSTs with high G+C contents or stable secondary structures interfering with efficient PCRbased amplification.
Future modifications of GST-PRIME will depend on the particular scope for its application and the choice of species for GST generation. Sequencing and gene annotation revealed the presence of many gene families in the genome of A.thalania (6) . Future upgrades of GST-PRIME may therefore include a subroutine to identify gene regions specific for individual members of gene families, allowing the design of gene-specific primers for the amplification of GSTs with minimal crosshybridization. Extension of the GST-PRIME program to other species depends on the state of genome research in each organism. For organisms with sequence databases based in part on cDNA sequences, the output of GST-PRIME may be modified to flag cDNA-derived primer pairs, allowing to interpret the presence of GSTs with a larger size than predicted. For yeast, generation of amplicons of all 6000 genes has been accomplished successfully (23) . This was made easier by the low frequency of intron-containing genes in this species, which allowed the use of a relatively unsophisticated primer design software. Homo sapiens represent a more challenging task for systematic primer design. The average human gene has a coding sequence of 1.3 kb, and includes, on average, 3.4 kb of intron sequences (7) . In the case of generating human GSTs from genomic DNA, predicted coding region lengths significantly smaller than the 500 bp used for Arabidopsis and Drosophila in this study will have to be used to maximize coverage. GST-PRIME should nevertheless be suitable for primer design even for the human genome, but the preferential cDNA amplicon size constraint of the program will have to be adapted to the architecture of the human genome.
